Abstract
INTRODUCTION
Rivers naturally undergo processes of erosion, sedimentation, and geomorphic changes. The instability of river banks and the sides of a channel can be explained by multiple causes such as the transportation of soil particles by the flow and fluvial waves, erosion occurring on the basal sides of river banks, the collapse and internal incision of the river, and increases in the slope angle due to erosion and riverbed scour. Furthermore, the instability of river banks can also be explained by pore water pressure under saturated conditions, the internal distortions of a slope angle due to water infiltration, and the erosive effects of agricultural wastewater entering the river. Generally, the stability of rivers is influenced by intrinsic parameters that are in a direct relation with the fluvial system and by external parameters such as climatic variables, vegetation, human intervention, and the mechanisms by which river icing and melting occur. The intrinsic parameters of such effects include the geomorphic structure of the river, the type of river, e.g., meandering, braided or straight, the geometric properties and hydraulic qualities of the river bends, the physical composition of the river bed and river bank, hydraulic variables, and also the factor of shear stress. Qualitative and quantitative changes to any such intrinsic or extrinsic parameters can have measurable impacts on the stability of a river (Amiri-Tokaldany et al. 2007 ).
The factors involved in erosion and sedimentation events are commonly explained in scientific literature such as in van den Berg (1995) , which have led to predictions regarding bed reformations and the shaping of illustrative plan forms. However, the prediction of these changes and their corresponding numerical simulations are difficult to achieve based on exact values of measurement. Nevertheless, it is still practical to observe geomorphic changes in the course of a river over a considerable span of time and consequently devise particular measures to prevent the river's instability by identifying the relevant criteria that are responsible for causing such instabilities (Yu et al. 2010) .
The hydraulic analysis of a fluvial system on a river bend leads to substantial discussions regarding any alterations that are gradually made to the meanderings of the river over time and issues concerning the simulation of the flow and the changes occurring to the river bed, which are common features of meandering rivers. In this regard, the simulation of the lateral velocity and shear stress distribution occurring in the river bend is of analytical importance and is functional with respect to preserving river banks in their appropriate forms. Such simulations are also beneficial to understanding the pattern of sediment transport and the actual sedimentation or erosion. Simulations of lateral velocity and shear stress distribution are also used in measures to design flood control methods and in the engineering of fluvial canals that help prevent flooding as in Alauddin and Tsujimoto (2012) .
In straight canals, the rapid gradient and speed of the flow among the major fluvial layers and the floodplain layer can act to generate strong vortex flows along the border where the major fluvial section flanks the floodplain. The resulting effect of these vortexes is the translocation of the major fluvial momentum to the floodplain. It also results in an initiation of shear stress, a decline in fluvial energy and, ultimately, a reduction in the speed and outflow of the river (Omran, 2008) .
The meandering of rivers naturally result in various phenomena along their course, and some may cause problematic aspects with regard to human projects. Therefore, researchers have extensively investigated the causes and mechanisms by which meandering rivers are formed and altered in their course of progression and development. The results of such investigations reveal that multiple factors are involved in the formation and development of meandering rivers. Local features are determinant factors with respect to where the river is situated, and the type of formations and nearby installations can largely predetermine the intensity and dimensions that could be inflicted on human-made structures and installations (Rüther and Olsen, 2007; Verhaar et al. 2008) .
There is a considerable gradient of change in the longitudinal distribution of fluvial speed when comparing the inner side of a bend with the outer side. Due to successive alterations in the radius of various curvatures of bends, fluvial parameters are more complex and sophisticated in meandering sections compared with straight sections (Patra et al. 2004) . Zámolyi et al. (2010) described the geometric shape of a river as a function of the outflow, sedimentation and hydraulic circumstances of the flow. However, these researchers focused on one particular factor and overlooked a systematic analysis of the geomorphic conditions and geological aspects of the river course under study. Constantine et al. (2010) evaluated the mechanism of the cutoff formation along the course of large meanders by the topography of the floodwater. Researchers have hypothesized that sporadic changes in the capacity of river sections or the installation of natural dams and the occurrence of sudden flood surges could be causes of cutoff formations.
Güneralp and Marston (2012) assessed the stages by which morphodynamic meanders are formed. Further discussions were undertaken regarding the mechanisms by which meanders are formed through hydrodynamic forces and the geometric patterns of their transformations.
The pattern of shear stress distribution depends on factors such as the geometry of the cross section of the river, the qualities of any secondary flow, and unevenness in the bed and banks of channels. Generally, researchers have considered two methods to determine the qualities and quantities of shear stress. A first group has made use of mathematical relations and diagrams pertaining to the shear stress of material debris on the threshold of movement or transportation (Chang 1983 (Chang , 1985 (Chang , 1994 Chang and Stow 1989; Chang et al. 1996; Amiri-Tokaldany et al. 2007) . A second group of researchers utilized information according to the results of physical models and field experiments (Wilcock, 1993; Haynes and Pender, 2007; Thoman and Niezgoda, 2008; Kean et al. 2009 ). Khan et al. (2000) calculated depth-averaged velocity and water surface profiles in the main and branch channels of a bifurcating channel using the CCHE2D model. The water surface profile calculated by the model had a good fitness with the observed water surface profile. Due to the absence of field data, flume data collected in the laboratory was utilized for the channel's bifurcation and confluence to verify the simulated results.
Duan et al. (2001) analyzed variables such as velocity, depth and shear stress using the CCHE2D model and collecting data in a laboratory. The erosion of a bank, the formation and shifting of bars and pools, and the formation of meanders by the model had a good fitness with the observed phenomena. Kim et al. (2010) determined the flow characteristics in natural channel bends of the Daeyu reach with the CCHE2D model; this reach is located downstream of the Young Dam. The results showed that in the upstream, the water level simulated by the CCHE2D model was 1.5 m higher than the water level simulated by the 1-D numerical model (HEC-RAS) because the HEC-RAS model could not consider the effects of the geometry of the bend on the flow. Also, Nassar (2011) simulated a part of the Nile River using the CCHE2D model, and Hasan et al. (2011) simulated the transport of sediment and pollutants in the Gambier River and Harapan Lake using the CCHE2D model. Jang et al. (2013) investigated the stabilization of the bed in the upstream channel of the Haman Weir by also using the CCHE2D model. The results of the studies in which the CCHE2D model was applied to calculate shear stress are a favorable base for comparison with the present study.
Brandt (2000) studied changes in the geomorphology of a river downstream of dams. He classified slope, cross-section, plan form and bed form changes and the tributary response to the main stream changes based on changes developed in the flow discharge, sediment load, and sediment transport capacity of flows by dams. Also, he considered the variability of geomorphological changes with regard to the time and distance from the reservoir.
In addition to the effects of flow discharge and sediment load changes, this research considers the effect of relative curvature on changes in the width, length and slope of a river and the shear stress in river meanders. Additionally, according to the principles stated by Ikeda and Parker (1989) , Termini (2015) , and Di Silvio (2009), satellite images and the CCHE2D software are utilized for identifying meanders and the calculation of shear stress in meanders.
According to the mentioned criteria, it is necessary to compare two factors for the determination of erodible sections in a river: (1) the shear stress calculated by arithmetic models, and (2) the highest level of threshold shear stress (incipient movement) with respect to the empirical data and relevant formula. The purpose of our research is to present a combined method based on the maximum allowable shear stress of incipient movement for the purpose of establishing the extent to which certain meandering rivers can be erodible. The use of a combined selection of erodibility maps and the relations between the threshold shear stress of alluvial materials with the soil texture are methods that can replace the Shields diagram and empirical formula available for the determination of threshold shear stress. Conventional erodibility maps are costly and time-consuming for determining and calculating the extent of the lateral erosion of river banks. On the contrary, applications of the Geographic Information System (GIS) and Remote Sensing (RS) are less expensive but are efficient methods for this purpose, which form the foundation of this research.
The stages of this research are:
• The determination of the location, width (W) and radius (R) of the river bends of the Karkheh River (downstream of the Karkheh dam) by GIS and satellite images; • A comparison between the length and width of the river, the amount and geometry of the river bends in 1996 and 2011; the satellite images can be analyzed by GIS and RS soft ware; • A determination of the shear stress along the river bends and identification of the reach that has the maximum shear stress by applying the CCHE2D software; and • Calculation of the relative curvature (R/W) of different bends and classification of the bends based on R/W.
MATERIALS AND METHODS
The purpose of this research is to present an integrated method based on maximum shear stress (incipient motion) in order to determine the erodibility of meandering rivers. The CCHE2D hydro-morphdynamic model was used in this research. The CCHE2D model can simulate the effects of hydraulic structures, lateral and longitudinal changes of rivers, and displacements of river bends. This model does not have any limitations for two -dimensional simulations of flow and sediment transport.
The deformations were determined along with changes in the hydraulic parameters in the river within a time span ranging from 1996 to 2011.The steps in this research were as follows:
• Calculating the hydraulic parameters of the flow (water surface profile, lateral and longitudinal speed, and shear stress) with the CCHE2D hydrodynamic model; • Preparing a soil shear resistance map using GIS and RS; • Comparing the shear stress calculated with the hydrodynamic model and illustrating the critical shear stress on the soil shear resistance map; and • Determining the erodible region in which the shear stress calculated is more than the critical shear stress.
Shear velocity formulae
The CCHE2D numerical model has two methods to determine shear velocity. In the first method the logarithmic law obtained by Equation (1) is applied:
(1) Z is distance from the bed of channel in perpendicular direction on the bed, h is the water depth and u * is shear velocity.
Where in U is obtained from Equation (2):
u and v are longitudinal and lateral velocities, respectively. The Z 0 varies based on the various conditions of the flow (the height of the surface roughness and the cinematic viscosity of the fluid). It is calculated by Equations (3) to (6):
where K s is the height of the bed's surface roughness, ρ is the specific gravity of water, τ bx and τ by are longitudinal and lateral shear stress of the river bed, respectively, and υ is the cinematic viscosity of the fluid. Since u * is implicit, Equation (6) is obtained by trial and error.
Then the Darcy-Weisbach friction factor (f c ) can be obtained when u * is calculated.
In the second method, the velocity and shear stress of the river bed are calculated using Manning's equation:
where n is the Manning's coefficient, and g is the gravitational acceleration.
The shear velocity can be calculated by Equation (14). (14) In this research the second method is utilized. The Manning's coefficient is a local constant. Therefore, this coefficient can be considered independently of the flow conditions. In field studies for calculating shear stress in rivers, the second method is more efficient than the first and does not require large amounts of data. This method is a lump method and considers an average value for parameters such as the bed form, channel geometry, sediment size, vegetation, etc. However, for a detailed near field simulation/verification with experimental data, the first approach is physically sound and thus worth adopting if a roughness parameter is available (Jia and Wang, 2001 ).
The case study
The Karkheh River (the third largest river in Iran) is located in the southwest of Iran. The source of this river is the Zagros Mountains, and it flows into the Hawr-al-Azim wetlands on the Iran-Iraq border. The length, width and depth of the river are 900 km, 30-700 m, and 4-6 m respectively. The area of its watershed is 51,481.9 km 2 . The minimum, average and maximum heights are 3 m, 1320 m and 3645 m, respectively. The minimum, average and maximum annual temperatures are -1, 15.3 and 25.8°C. The minimum, average and maximum annual precipitation (rainfalls occur in the winter) are 205, 477 and 1000 mm. The average annual amount of potential evaporation is 2290 mm. The Karkheh Dam is the largest earth dam in Iran. Constructed in 1999, this dam is located upstream of the Pay-e-Pol hydrometric station (the distance between them is 12 kilometers). Its drainage area is 42,644 km 2 . This dam supplies potable water and agricultural water for the Azadegan plain. Moreover, it controls large floods and generates hydroelectric power.
In order to simulate the pattern of flow for the hydraulic analysis of meanders, a reach of the Karkheh River was considered downstream of the Karkheh Dam and the Pay-e-Pol hydrometric station.
The reach selected is approximately 40 km and is divided into 6 zones. Fig. 1 illustrates the selected reach of the Karkheh River and the divisions of the reach in 1996 and 2011, i.e., before and after the construction of the dam. 2.3 Preparation of the soil shear resistance maps Preparing a soil shear resistance map is a fundamental practice for soil management against erosion and the maintenance of rivers. However, the preparation of soil shear resistance maps is time consuming and costly if done by conventional methods (using surveying, the drilling of boreholes and sampling of soil, performance of field and laboratory tests, and the preparation of paper maps). Alternatively, by employing GIS and RS, the preparation of maps becomes faster and more accurate (Ganasri and Ramesh, 2016) . The shear resistance of the surface soil is an important feature in estimating and measuring the erodibility of soil; nevertheless, the measurement of this parameter can be costly and time-consuming if a broad area of a floodplain or basin needs to be dealt with. Therefore, applying GIS and RS techniques is necessary for this purpose. Parameters such as the vegetation, land use, type of geological installations, and direction and height of slopes are factors involved in composing a soil shear resistance map. It has been previously used in similar research (Michalik and Tekielak, 2013; Bandyopadhyay et al. 2014; Grimaud et al. 2015) . Accordingly, satellite images of the Landsat 4-5 Thematic Mapper (TM) are used along with ILWIS software to obtain land use maps, while the GIS is used for the integration of the data and an analysis of the model whereby the ultimate output of the maps is achieved. In this research, small-sized particles of the alluvial content are mostly clay-silt and fine-grain sand, which results from erosion occurring in the Lahbari sector of the Aghajari formation. These sediments are characterized by weak cohesiveness and therefore show little resistance against erosion. This can lead to extensive erosion and deformations during large floods. Fig. 2 shows a map of the alluvial soil classification and land use around the Karkheh River, which was derived using the aforementioned method.
The types of soil in the different zones around the reach of the Karkheh River considered have been derived from Fig. 2 , and data on the land use and soil resources in Khuzestan Province is presented in Tab. 1.
The erodible sectors can be distinguished by determining the critical shear stress of the soil profiles around the Karkheh River (Tab. 2) and their subsequent comparison with the calculated shear stress of the model in the same zone. Fig. 3 illustrates Landsat images of the reach considered. These images were processed by ILWIS (RS software) and belong to the years 1996 and 2011.
Tab. 1 Types of soil profiles in different zones (around the Karkheh River).

Type of soil profile Zone
Introducing geometric data to the CCHE2D model
By using GIS software, the processed Landsat images were converted to the plan of the reach considered. These plans (related to 1996 and 2011) were introduced to the CCHE2D model as geometric data. Fig. 4 shows these plans.
Additionally, in the reach considered, the Khuzestan Water and Power Authority (KWPA) mapped 34 cross sections in 1996 and 2011 (especially in the river bends). The minimum and maximum distances between the consecutive sections are 86 and 2318 meters.
Profiles of the river bed (in 1996 and 2011) are shown in Fig. 5 . The minimum, average and maximum of the river slope (in 1996 and 2011) are illustrated in the table below.
Introducing boundary conditions to the CCHE2D model
The long-term effects of a river flow are the most important factors that determine the erodibility of a riverbed and banks. In this research, a daily flow discharge hydrograph was considered at the Pay-e-Pol hydrometric station as the upstream boundary condition; therefore, a period of three years was provided as the model's input. The daily discharges in the years 1993 to 1996 were considered as daily flow discharges before the construction of the dam, and the daily discharges in the years 2008 to 2011 were considered as daily flow discharges after the construction of the dam. The upstream boundary conditions (in 1996 and 2011) are shown in Fig. 6 . The mean and maximum daily flow discharges were 226 and 4440 m 3 /s in the years 1993 to 1996. Also the mean and maximum daily flow discharges were 48 and 553 m 3 /s in the years 2008 to 2011. For the downstream boundary conditions, the flow dischargestage curve is considered in the last section.
Calibration of the CCHE2D model
The Manning's coefficient of the different parts of the reach considered was determined by the calibration of the model. For this purpose, the water level calculated by the model was compared with the water level observed at the Pay-e-Pol hydrometric station. The reach considered was divided into four parts. The distances between the end of the parts and the Pay-e-Pol are 12.3, 20.1, 30.5 and 44.2 km respectively. For the calibration of the model, nine flow discharges were considered (63, 76, 252, 370, 557, 608, 1210, 2459 and 4440 m 3 /s in the years 1993 to 1996 and 18, 21, 37, 50.9, 106, 110, 120, 159 and 181 m 3 /s in the years 2008 to 2011). The calibrated Manning's coefficients (in 1993-1996 and 2008-2011) are 0.039-0.042 for 0 -10 km Vol. 26, 2018, No. 4, 78 -88 from 
RESULTS
Determination of the changes in the length and width of the reach considered by the satellite images
By measuring the width and length of the river along various points on the reach of the river and by dividing the river into 6 zones, the following results were obtained:
Tab. 5 illustrates the minimum and maximum of the river's width and length and any changes in the 6 zones (from 1996 to 2011).
Calculation of the shear stress by the CCHE2D model
The soil profile of the lands that surround the river is silty clay (up to 91%) and stiff clay (7% of the profile). These soils have a high degree of resistance against erosion (Tab. 2); therefore, the length of the eroded part of the river is not long. The soil shear resistance maps and results of the numerical model confirm this assumption.
Tab. 4 The results of the calibration of the CCHE2D model.
Year
Maximum relative error (%) Maximum difference between calculated and observed water level (cm) RMSE (cm) Tab. 5 The minimum and maximum river widths and river lengths (in 1996 and 2011) The shear stress calculated by the CCHE2D model is presented in Tab. 6. Tab. 7 shows the erodible regions around the river.
In 1996, six zones had a medium to high amount of erosion. The length of the erodible region was 1314 meters, which was nearly 3% of the total length of the reach. The eroded bank observed was divided into 67% and 33% for the eastern and western banks of the river, respectively.
In 2011, the intensity of the erosion was medium to high. The length of the erodible region was 840 meters, which is 2% of the total length of the reach. The eroded bank observed was divided into 20% and 80% for the eastern and western banks of the river, respectively. After the construction of the dam, the reduction in the flow discharge led to a decreased area and wetted perimeter of different sections of the river.
Therefore, the eroded length was reduced after the dam's construction (-36%). Fig. 7 shows the shear stress along zone 5 of the reach considered in 1996 and 2011.
In 1996, the distances between the Pay-e-Pol hydrometric station and the points that had the most noticeable amounts of erosion were 31,792, 33,505 and 33,800 m. The relative curvatures of the meander at these points were 4.58, 4.63 and 4.75, respectively.
In 2011, these distances were 25,530 and 32,860 m. The relative curvatures of the meander in these points were 4.86 and 5.01, respectively.
These points are in meanders, the relative curvatures of which are greater than those of other meanders (these points have the largest relative curvatures in the river).
Vol. 26, 2018, No. 4, 78 -88 3.3 Relation between the location of the maximum shear stress and R/W For determining the relation between the locations of the maximum shear stress and R/W, satellite images in 1996 and 2011 and the CCHE2D model were used. Tab. 8 and Fig. 8 show the relation between the location of the maximum shear stress and different R/ Ws. In this table and figure, is the mean shear stress in reach AB, and is the shear stress at point O.
Because the water pressure in bends is slightly higher near a convex bank in comparison with a concave bank, there is a pressure gradient from the convex bank towards the concave bank. Therefore, centripetal force is exerted by the pressure gradient. The primary flow around the bend is a vortex flow, i.e., there is greater pressure and a slower speed near the convex bank and lower pressure and a faster speed near the concave bank. Hence the maximum shear stress and erosion occur in the concave bank of the bend.
Tab. 8 Characteristics of the location of the maximum shear stress (reach AB).
R/W
Discussion
According to Tab. 5, the following results can be reported:
The minimum width of the river before the dam's construction was 141 meters in zone 1, while the maximum was 1879 meters in zone 2.
After the dam's construction, the minimum width of the river was 26 meters in zone 6, while the maximum was 901 meters in zone 3.
The biggest change in the river's width was observed in zone 2 (from 494 to 1529 m). This shows that zone 2 has the greatest lateral displacement.
Before the dam's construction, the maximum length of the river was 8394 meters in zone 4, and the minimum length was 3398 meters in zone 1.
After the dam's construction, the maximum length of the river was 8865 meters in zone 5, and the minimum was 4181 meters in zone 1.
The biggest change occurred in zone 3 with an increase of 1685 meters in the length of the river, while the smallest change occurred in zone 6 with a decrease of 41 meters in the length.
The soil of the river bank is silty clay in zones 2 and 6 (Tab. 1), and the critical shear stress of this type of soil is less than that of other soil types (Tab. 2). Therefore, the river's width shows the most changes in these zones. Because of a considerable decrease in the flow discharges, the river's width was significantly reduced after the dam's construction. Before and after the construction of the dam, the long-term mean annual flow discharges were equal to 369 m 3 /s and 351 m 3 /s (the change of the annual flow discharges was -5%), respectively. As can be observed, the reduction in the mean annual flow discharge is negligible. Therefore, the main cause of the reduction in the river's width is a significant reduction in the flood discharges after the dam's construction.
The greatest measured flow discharge was 600 m 3 /s after construction of the dam. Therefore, the water could not overflow the river banks and submerge around the floodplains. The greatest measured flood discharge was more than 5000 m 3 /s before construction of the dam. Therefore, the mean reduction in the minimum and maximum widths of the river was 21% and 44% respectively. The main cause of the changes in the river's width in this research is similar to that of the research by Nones et al. (2013) .
The relative curvature (R/W) of the bends is less than 1.5 in zones 1, 3 and 5, and the length of the river shows the most changes in these zones. Due to the reduction in its relative curvature, the river's instability (in the plan and the longitudinal profile) has increased. After the dam's construction, the river's width (W) decreased considerably; therefore, the radius of the bend (R) decreased, while the R/W increased too. The reduction in the radius of the band increased the length of the river bends.
On the other hand, the relative curvature of the bends is 1.5 to 3.5 in zone 2, 3.5 to 5 in zone 4, and more than 5 in zone 6. The results of the study by Brandt (2000) confirmed those changes in the river's width and length obtained by the present research.
Cramer (2012) prepared guidelines for river engineers and environmental experts in the U.S.A. He determined the location of the maximum shear stress in river bends based on different R/Ws. The results of this research fit well with this guideline.
This level of fitness is 83 to 100% for R/W<1.5, 80 to 86% for 1.5<R/W<3.5, 89 to 100% for 3.5<R/W<5, and 86 to 100% for R/W>5.
CONCLUSION
Generally, the construction of the Karkheh Dam has considerably reduced the width of the river downstream of the dam; after the dam's construction, the minimum and maximum of the river's width reduced to 21% and 44%. From 1996 to 2011, the length of the river increased 2897 meters. The analysis shows that before the dam's construction, the sector at 30-35 kilometers downstream of the Pay-e-Pol station had the most erosion. After the dam's construction, the erodible reach progressed upstream, and this reach is between 25 km to 32 km downstream of the Pay-e-Pol station. Because of the sediment trap capacity of the dam, displacement of the erodible reach occurred. The outflow from the dam is clear water, and this flow has a high potential for erosion; therefore, parts that are close to the dam are strongly eroded. The CCHE2D model shows that the dam construction reduced the length of the erodible reach to 36%. With respect to the type of soil on the river banks (silty clay and stiff clay), it has been observed that the soil has fairly good resistance against erosion; therefore, erosion occurs only in 2% to 3% of the reach considered. Also, this model shows that the location of the maximum shear stress is a function of the relative curvature (R/W) in the bends. By increasing R/W, the location of the maximum shear stress transfers to the downstream. This research shows that although construction of large dams converts the number, location, width, radius and length of bends, the location of the maximum shear stress in bends is dependent on the value of the relative curvature (R/W) of the bend.
The procedure for this research (using satellite images, RS, GIS and the CCHE2D model) for determining the location of erodible reaches in river can be applied to various rivers, and the results of this integrated method can help river engineers and designers protect river banks against erosion.
